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Abstract
This paper presents an application of multi-robot system using nonholonomic wheeled mobile robots. These robots cooperate
with each other to transport a single load which is carried without any rigid connections. Each mobile robot has a mechanical
platform which consists of compliant structures to hold the load during transportation. Instead of direct communication, physical
interactions are exploited as the main way of information exchange among the mobile robots. Local sensors are utilized to sense
physical changes which are needed for feedback control of the mobile robots. The control system is fully decentralized and it
supports scalability of the multi-robot system. The designed control solution was tested extensively in simulation and experiments
were carried out to show the effectiveness of the controller.
c© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre of Humanoid Robots and
Bio-Sensor (HuRoBs), Faculty of Mechanical Engineering, Universiti Teknologi MARA.
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1. Introduction
Multi-robot system is a branch of robotics that has gained immense interest among the research community. In a
multi-robot system, robots cooperate with each other to carry out certain tasks. Through cooperation, mobile robots
are able to carry out more complex tasks which cannot be executed by a single robot. Besides that, cooperation may
create a redundant system whereby the failure of a single robot can be compensated by other robots. There are many
types of robot cooperation that have been considered in research. Reviews of multi-robot cooperation can be found,
for example, in [1, 2]. Some examples of cooperation are formation control [3], exploration of unknown environment
[4], navigation [5], robotic soccer [6], and even self-reconﬁguration of robotic system [7].
In this work, we deal with the cooperation of mobile robots which involves the transportation of an object. Basi-
cally, the object can be transported by means of pushing [8], caging [9], or grasping [10]. This work deals with the
transportation of a single load by means of carrying it using nonholonomic mobile robots. There are several interesting
publications which are closely related to group transportation of a single load. In [11], a load sharing algorithm was
proposed and implemented on two nonholonomic mobile robots. This algorithm requires that the robots communicate
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explicitly with each other to exchange data which are needed to control the robots. In another work [12], mobile robots
with passive arms and suction cups were used to transport a load with uniform distribution of mass. The proposed
solution does not require explicit communication and it involves sliding movement between the load and each mobile
robot. Another interesting work originates from the research on swarm robotics [13]. It demonstrates the ability of
several mobile robots to transport a load by means of gripping the object.
In most cases, the load is rigidly attached to mobile robots. On the contrary, this work deals with the transportation
of a load which is carried by several mobile robots and there are no rigid connections between the load and the mobile
robots. The load is prevented from slipping away by frictional forces between the surfaces of the load and the the
robots. Although communication among mobile robots can be very useful during cooperation, the dependence on
wireless communication for signals needed for feedback controllers may lead to a slower reaction. Hence, this work
focuses on a solution which does not involve explicit communication among the mobile robots. Instead of wireless
communication, physical interactions are utilized as an indirect way of exchanging information.
This paper is organized as follows: Section 2 provides a brief description of the mobile robot used in this work.
In the following section, the control structure and the control algorithm are introduced. Next, the model of the
Bebot mobile robot is described in Section 4. In this section, a model of the cooperation with three mobile robots
is considered and some simulation results are provided. Section 5 highlights the practical implementation of a robot
cooperation involving three mobile robots. The ﬁnal section summarizes the work in this paper.
2. Mobile Robot
The mobile robot used in this work is known as Bebot, a robot developed at Heinz Nixdorf Institute, University
of Paderborn. It has been used as test platform and demonstrator in several research works [14, 15, 16]. It is a small
and compact mobile robot which weighs approximately 400 g. Figure 1(a) shows the Bebot mobile robot and its
dimensions. The Bebot is a mobile robot with two control variables, namely linear and angular velocities. However,
it is able to move on a ﬂat surface with three degrees of freedom. This nonholonomic constraint leads to restrictions
whereby not all paths in the robot’s conﬁguration space are feasible. An interesting feature of this mobile robot is the
use of Molded Interconnect Device technology [17] which allows circuit traces to be integrated directly on the casing
of the mobile robot. Detailed descriptions of the robot’s hardware can be found in [18].
In a previous work [19], a mechanical platform was designed for Bebot so that it will be able to carry a load and
work cooperatively with other Bebot mobile robots. This platform which is shown in Fig. 1(b) is made of polyamide
and fabricated using laser sintering technology. The platform has compliant structures which allow the part that holds
the object to be movable up to a few millimetres in all direction on a two-dimensional plane. These degrees of freedom
are needed to absorb jerks which may occur during transportation and at the same time reduce the possibilities of the
load slipping away. Besides that, the part of the platform which holds the load is rotatable so that the transportation is
(a) Bebot mobile robot (b) Platform to carry object (c) Measured quantities
Figure 1. The nonholonomic Bebot mobile robot and the platform to carry an object.
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not only restricted to linear movement. Physical interaction between the load and the robot will lead to movements on
the platform which can be measured by sensors. Figure 1(c) shows the physical quantities which are measured. The
relative displacements Δxis and Δyis are measured by a two-dimensional optical-based displacement sensor while the
relative angular displacement Δθis is measured by a contactless angular sensor. These signals are used for the feedback
control of the mobile robot. Locally available sensor measurements eliminate the need of direct communication and
allow the control system to be implemented in a decentralized way.
3. Control System
The controller of the multi-robot system is based on a decentralized concept. Each mobile robot has a local
controller which allows the robot to decide on its own where it should move to. Besides that, the control solution
should allow scalability of the multi-robot system so that it can be used for any system regardless of the number of
Bebot mobile robots. In the design of the control system, a leader-follower concept is adopted. This concept has been
used in previous researches [11, 20]. Based on this concept, only the leader robots know the goal destination of the
transportation. In this work, it is assumed that there is only one leader robot but there may be several follower robots.
All the robots do not know the positions of other mobile robots. Using sensor measurements as feedback signals, the
follower robots try to transport the load cooperatively to the goal destination indicated by the leader robot.
Figure 2(a) shows various velocities that are used to describe the mobile robot. Assuming that the wheels roll
without slipping, the linear velocity v and the angular velocity of the mobile robot along its vertical axis ω are related
to angular velocity of the left wheelωl and angular velocity of the right wheelωr by the following kinematic equations:
ωl =
v
r
−
bω
2r
ωr =
v
r
+
bω
2r
(1)
The control structure of the Bebot mobile robot is shown in Figure 2(b). It is divided into two levels. At the lower
level, speed controllers are designed to control the angular velocities of the wheels. Each speed controller is a PI
controller with anti-windup measure. It is implemented on a microcontroller and executed every 1 ms. On the other
hand, the high-level controller serves as a supervisory controller which determines the overall movement of a robot.
At this level, the controller for a leader robot differs slightly from those of a follower robot. In the case of a leader
robot, a path planner generates trajectory for the leader robot, taking into consideration that the relative displacements
of the platform in x-direction Δxis and y-direction Δyis do not exceed certain values. This consideration is necessary to
reduce the possibility of the load slipping away. On the contrary, the follower robot consists of a position controller.
The strategy of this position controller is to maneuver the follower robot in such a way so that the feedback signals,
namely the relative x-displacement Δxis, the relative y-displacement Δyis, and the relative angular displacement Δθis
(a) (b)
Figure 2. (a) Velocities of the wheeled mobile robot. (b) Control structure of a Bebot mobile robot.
Δxdes=0
Δydes=0
Δθdes=0
follower robot
leader robot
path
planner
position
controller
kinematic
transformation
speed
controller
vc
ωc
vc
ωc
ωl,c
ωr,c
Δxis, Δyis
ωl,is, ωr,is
Δxis, Δyis, Δθis
high-level controller low-level controller
refer to Figure 3 for Dymola model
2r
radius r
width b
ωl ωr
linear velocity v
angular velocity ω
863 Chia Choon Loh and Ansgar Traechtler /  Procedia Engineering  41 ( 2012 )  860 – 866 
are always zero. The outputs of the high-level controller are the linear velocity vc and the angular velocity ωc. In the
case of a follower robot, the control algorithm can be described by the following equations:
(
vc
ωc
)
=
(
kx(Δxdes−Δxis)
ky(Δydes−Δyis)+ kθ (Δθdes−Δθis)
)
(2)
The control parameters kx, ky, and kθ are determined through trial and error. A kinematic transformation block
which is based on Equation 1 connects the high-level controller with the low-level controller so that the linear velocity
vc and the angular velocity ωc from the high-level controller can be expressed as desired angular velocities of the
wheels for the low-level controller. Depending on the role of the robot, the kinematic transformation block is either
connected to the high-level controller of the leader robot or the follower robot.
4. Simulation of Cooperation
In the design process, the simulation of the robot cooperation is done using Dymola, a multi-body simulation tool.
Instead of manually deriving the mathematical equations of a robot system, this software makes it possible to model
a system using standard parts from the system library. In addition, it is also possible to modify existing parts or
create customized parts which can be used to model a system. More importantly, the number of mobile robots in a
cooperation model can easily be altered to represent different systems.
4.1. Model of Mobile Robot
The model of BeBot in Dymola is shown in Figure 3. It represents the low-level part of the overall control structure
which is shown in Figure 2. Basically, the model of the mobile robot can divided into three main parts.The chassis
and electrical components can be represented by a rigid body with mass and inertia tensor. A ﬁxed shape part can
be used to visualize the robot in the simulation. The second part, namely the wheels of the mobile robot, can be
represented by a pair of wheels which can be individually controlled. In this model, the wheels are assumed to roll
without slipping. Each actuator of the mobile robot can be represented by a motor model which also takes friction
into consideration. A PI-controller is used to control the angular velocity of each motor. The controlled model of the
mobile robot has two inputs and one interface for connection with other mechanical parts. The inputs to the model are
the desired angular velocities derived from the high-level controller through the kinematic transformation block. The
multi-body interface is used for connection with the load via a joint.
4.2. Model of Cooperation
A simulation model of the robot cooperation can be created using the Bebot model that has been described earlier.
Figure 4 shows a model of the cooperation with three mobile robots. In this scenario, one leader robot and two
follower robots cooperate with each other to transport a load. Each robot is connected to the load through a planar
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Figure 3. Model of Bebot mobile robot with low-level controller in Dymola.
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Figure 4. Model of robot cooperation with three Bebot mobile robots in Dymola simulation environment.
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joint which has two translational degrees of freedom and one rotational degree of freedom. In order to represent the
elasticity provided by the compliant joints on the platform, a spring-damper system is added to each translational
element of the planar joint. Since the platform of the mobile robot is able to rotate freely, the rotational element is
modeled as an ideal joint. The planar joints of the follower robots have modiﬁed revolute joints which are used as
cut-joints to overcome the problem of planar loop. Each robot has a high-level controller which is connected to a
sensor model. This sensor model represents the angular sensor as well as the optical-based displacement sensor. The
feedback control of each robot is computed using only local data provided by the sensor model. Additional robots can
easily be added to this model of cooperation by connecting the controlled robots through planar joints to the load.
4.3. Simulation
In this section, simulation results of the transportation of an object by three mobile robots are presented. Figure
5(a) shows the initial and also the ﬁnal positions of the multi-robot system which is made up of one leader robot and
two follower robots. In this simulation, the velocities of the leader robot are predeﬁned as shown in Figure 5(b). The
movement of the leader robot is a combination of linear movement as well as the angular velocity along its vertical
axis. The controller of the follower robot which is shown in Equation 2 maneuvers the robot in such a way so that the
relative displacements are always close to zero. The control parameters kx, ky, and kθ are adjusted until satisfactory
results are obtained. As visible in Figure 5(a), the follower robot f2 is on the outer part of the curve and it has to cover
more distance compared to the follower robot f1. This leads to a larger relative displacement Δx f2 in x-direction of
the follower robot f2 compared to the follower robot f1 which is on the inner part of the curve. While the leader robot
is moving, the relative displacements of the follower robots are non-zero. These non-zero relative displacements are
necessary to guide the follower robots to transport the load cooperatively with the leader robot. Once the leader robot
has come to a halt, the relative displacements of both follower robots go towards zero. The simulation results show
that the mobile robots are able to transport a load cooperatively using only locally available sensor measurements.
5. Experimental Results
Experiments were carried out to demonstrate the ability of the mobile robots to transport a single load coopera-
tively. In the experimental setup shown in Figure 6, three Bebot robots were used to transport an object weighing
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(b) Velocities of leader robot and relative displacements of follower robots
Figure 5. Simulation of a cooperative transportation with three Bebot mobile robots.
leader
follower f1
follower f2
ﬁnal position
initial position
v = 0.03 m/s
approximately 3 kg. The trajectory of the leader robot was predeﬁned and it moved with the velocity proﬁles shown
in Figure 5. Using only local sensors, the follower robots were able to transport the load cooperatively with the leader
robot.
Figure 6. Snapshots of the experiment using three Bebot mobile robots to transport an object cooperatively.
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6. Conclusion
In this paper, a multi-robot cooperation involving the transportation of a load by several nonholonomic mobile
robots is presented. The load is carried by the mobile robots without any rigid connections. The designed control
system is fully decentralized and it supports scalability of the multi-robot system. Using physical interactions as
an indirect way of communication, the mobile robots were able to transport a load cooperatively even though they
do not know the positions of the other robots. Simulation results as well as experiments that had been carried out
demonstrated the effectiveness of the control concept.
Acknowledgements
This work is supported by the International Graduate School Dynamic Intelligent Systems and funded by the
Ministry of Innovation, Science, Research, and Technology of the federal state North-Rhine-Westphalia, Germany.
The authors thankfully acknowledge the support provided by Direct Manufacturing Research Center to produce laser-
sintered components.
References
[1] Cao, Y. U., Fukunaga, A. S., Kahng, A. B., 1997. Cooperative Mobile Robotics: Antecedents and Directions, Autonomous Robots 4, pp. 7-27.
[2] Parker, L. E., 2003. Current Research in Multirobot Systems, Artiﬁcial Life and Robotics 7, pp. 1-5.
[3] Balch, T., Hybinette, M., 2000. “Social potentials for scalable multi-robot formations,” Proceedings of the 2000 IEEE International Conference
on Robotics and Automation, pp. 73-80.
[4] Wurm, K., Stachniss, C., Burgard, W., 2008. “Coordinated multi-robot exploration using a segmentation of the environment,” Proceedings of
the 2008 IEEE/RSJ International Conference on Intelligent Robots and Systems, pp. 1160-1165.
[5] Kim, Y. G., An, J., Kim, K. D., Xu, Z. G., Lee, S. G., 2011. WPAN Communication Distance Expansion Method Based on Multi-robot
Cooperation Navigation, in “Advances in Swarm Intelligence” Y. Tan, Y. Shi, Y. Chai, G. Wang, Editor. Springer Berlin Heidelberg”, pp. 99-
107.
[6] Werger, B. B., 1999. Cooperation without Deliberation: A Minimal Behavior-Based Approach to Multi-Robot Teams, Artiﬁcial Intelligence
110, pp. 293-320.
[7] ¨Unsal, C., Khosla, P. K., 2000. “Mechatronic design of a modular self-reconﬁguring robotic system,” Proceedings of the 2000 IEEE Interna-
tional Conference on Robotics and Automation, pp. 1742-1747.
[8] Gerkey, B. P., Mataric´, M. J., 2002. “Pusher-watcher: An approach to fault-tolerant tightly-coupled robot coordination,” Proceedings of the
2002 IEEE International Conference on Robotics and Automation, pp. 464-469.
[9] Fink, J., Hsieh, M. A., Kumar, V., 2008. “Multi-robot manipulation via caging in environments with obstacles,” Proceedings of the 2008 IEEE
International Conference on Robotics and Automation, pp. 1471-1476.
[10] Hirata, Y., Kume, Y., Wang, Z., Kosuge, K., 2008. “Handling of a single object by multiple mobile robots based on caster-like dynamics,”
Proceedings of the 2008 IEEE International Conference on Robotics and Automation, pp. 2215-2216.
[11] Takeda, H., Wang,Z. D., Hirata, Y., Kosuge, K., 2004. “Load sharing algorithm for transporting an object by two mobile robots in coordina-
tion,” Proceedings of the 2004 International Conference on Intelligent Mechatronics and Automation, pp. 374-378.
[12] Velasquez, C., Takahashi, T., Nakano, E., 2004. “Graspless coordinated transportation over natural ﬂat terrain,” Proceedings of the 2004 IEEE
Conference on Robotics, Automation and Mechatronics, pp. 165-170.
[13] Gross, R., Mondada, F., Dorigo, M., 2006. “Transport of an object by six pre-attached robots interacting via physical links,” Proceedings of
the 2006 IEEE International Conference on Robotics and Automation, pp. 1317-1323.
[14] Witkowski, U., Herbrechtsmeier, S., Tanoto, A., El-Habbal, M., Alboul, L., Penders, J., 2008. “Self-Optimizing Human-Robot Systems for
Search and Rescue in Disaster Scenarios,” Proceedings of the 7th International Heinz Nixdorf Symposium, pp. 315-330.
[15] Gausemeier, J., Schierbaum, T., Dumitrescu, R., Herbrechtsmeier, S., Jungmann, A., 2011. “Miniature robot BeBot: Mechatronic test platform
for self-x properties,” Proceedings of the 9th IEEE International Conference on Industrial Informatics, pp. 451-456.
[16] Pohlmann, U., Dziwok, S., Suck, J., Wolf, B., Loh, C. C., Tichy, M., 2012. “A Modelica library for real-time coordination modeling,”
Proceedings of the 9th International Modelica Conference, to appear.
[17] Kaiser, I., Kaulmann, T., Gausemeier, J., Witkowski, U., 2007. “Miniaturization of autonomous robots by the new technology Molded
Interconnected Devices (MID),” Proceedings of the 4th International Symposium on Autonomous Minirobots for Research and Edutainment.
[18] Herbrechtsmeier, S., Witkowski, U., Ru¨ckert, U., 2009. BeBot: A Modular Mobile Miniature Robot Platform Supporting Hardware Recon-
ﬁguration and Multi-standard Communication, in “Progress in Robotics” J. H. Kim et al., Editor. Springer Berlin Heidelberg, pp. 346-356.
[19] Loh, C. C., Tra¨chtler, A., 2011. “Laser-sintered platform with optical sensor for a mobile robot used in cooperative load transport,” Proceed-
ings of the 37th Annual Conference on IEEE Industrial Electronics Society, pp. 888-893.
[20] Kosuge, K., Sato, M., 1999. “Transportation of a single object by multiple decentralized-controlled nonholonomic mobile robots,” Proceed-
ings of the 1999 IEEE/RSJ International Conference on Intelligent Robots and Systems, pp. 1681-1686.
